As natural predators of pest insects, woodland birds provide biological pest suppression in crop fields adjacent to woody edges. Although many birds using these habitats forage widely, earlier studies have found that most foraging activity occurs within 50 m of the woody edge. The goals of this study were to determine the primary area of use, or functional edge, for birds foraging in crop fields adjacent to woody edges, and to evaluate their foraging distance patterns. During the summers of 2005 and 2006, avian foraging behavior was observed at 12 research sites in east central Nebraska that contained either a shelterbelt or woody riparian edge. At each site, perches were provided at 10 m intervals out from the edge and insect larvae were placed in feeders at random locations to simulate a pest insect food resource. Birds were recorded foraging in five distance categories out from the edge (0-10, 10-20, 20-30, 30-40, and 40-50 m). Seven species foraged primarily within 20 m of the edge (72% all observations; 79% without perch or feeder observations). Ten species foraged throughout the plots but six of these generally foraged more often (45% and 49%) and four less often (30% and 30%) within 20 m of the edge. The 13 species that tended to forage more often within 20 m of the edge, with 56% of their foraging overall in this area, also tended to forage farther when perch and feeder observations were included, indicating willingness to forage farther when food resources were available. Based on a repeated measures analysis of variance, foraging distances appeared to be greater at sites with soybean as the planted crop, although this apparent trend was significant for only some species. There was no clear difference in foraging distances outward from shelterbelt versus riparian sites. These results indicate that conservation efforts within the 20 m functional edge offer potential to enhance the sustainability of both birds and crops in agricultural 9
Introduction
Woody habitats in agroecosystems provide economic benefits to agriculture by serving as protective barriers from strong winds, thus increasing crop yields, reducing wind erosion, and improving soil moisture conservation (Brandle et al., 2004) . These habitats also contribute to diverse landscapes that benefit vertebrate and invertebrate diversity in agroecosystems (Johnson and Beck, 1988; Benton et al., 2002; Perkins et al., 2003) and the biological suppression of crop pests (Johnson et al., 1992; Kirk et al., 1996; Tremblay et al., 2001; Bianchi et al., 2006; Tsitsilas et al., 2006) . They provide protection from harsh weather, escape cover from predators, food and foraging sites, reproductive habitat, and travel corridors (Johnson and Beck, 1988) . Although various habitat types in agroecosystems contribute uniquely to habitat needs of various species, including woodland and grass-land birds Henningsen and Best, 2005) , woody habitats support the highest avian species richness in agricultural areas Jones et al., 2005) and are often the only habitats suitable for local species in intensively farmed areas.
Along with other natural predators of pest insects, birds contribute to a reduction of pest insect populations in crop fields adjacent to non-crop habitats (Johnson et al., 1992; Kirk et al., 1996; Tremblay et al., 2001; Jones et al., 2005) . Though many birds have been known to feed 200 m or more from the crop field edge, they typically concentrate foraging efforts within 50 m of the edge because of the proximity of protective cover (Best et al., 1990; Sunderman, 1995) .
Some agricultural fields offer more potential food resources for birds than do others (Christensen et al., 1996; Beecher et al., 2002) . Our study used perches, feeders, and observations of birds February 22, 2008; revised August 28, 2008; accepted August 29, 2008; published online October 17, 2008. Avian foraging patterns in crop field edges adjacent to woody habitat near edges to examine distances that birds travel out from woody edges to obtain food resources. Our purpose was to determine which avian species most actively forage in crop fields adjacent to woody edges and where, within the 50 m edge, they prefer to forage. Foraging distance patterns out from woody edges were evaluated to determine whether they varied with site-specific characteristics (type of woody edge, planted crop). With this information, it might be possible to develop management practices directed toward functional edges, where most avian foraging activity occurs, allowing producers to optimize their use of avian predators while maintaining profitable crop production systems.
Methods

Study areas
This study was conducted at research sites in a 100 km 2 area in east central Nebraska during the summers of 2005 and 2006. Landscape-scale effects on birds through this area were expected to be similar because landscape cover was fairly uniform. Sixtyeight percent of the land in the study area was in row crops or small grains, 27% in grass or alfalfa, 2% in woody areas, and 3% in other land-use categories (roads, water, wetlands, towns, etc.) . There were 10 research sites in 2005. In 2006, two additional sites were added, for a total of 12 sites. Sites consisted of a linear woody edge (either a woody riparian edge or shelterbelt) with an adjacent agricultural crop field planted to either corn (Zea mays L.) or soybean (Glycine max L. Merr.). In 2005, six sites were planted to corn and four to soybean. In 2006, five were planted to corn and seven to soybean. Sites were divided into pairs with one shelterbelt and one woody riparian edge per pair, for a total of five pairs in 2005 and six in 2006. Predominant woody species in shelterbelts were red mulberry (Morus rubra L.), eastern redcedar (Juniperus virginiana L.), hackberry (Celtis occidentalis L.), American elm (Ulmus americana L.), and honeylocust (Gleditsia triacanthos L.). Predominant woody species in woody riparian edges were green ash (Fraxinus pennsylvanica L.), red mulberry, Russian olive (Elaegnus angustifolia L.), Siberian elm (Ulmus pumila L.), American elm, and honeylocust. Average width of the shelterbelts in the study was 15 m; average length, 537 m; and typical height, 15-20 m. Average width of the riparian systems was 35 m; average length, 1000 m; and typical tree heights, 20-30 m. Sites were paired based on proximity to minimize travel time between sites. The planted crop and woody species in the edges were not factors in determining site pairs. At each site, a 100 m × 50 m study plot was created in the crop field adjacent to the woody edge and at least 50 m away from any other wooded area ( Figure 1 ). Within each plot, five 100 m × 10 m subplots were created to represent distance categories out from the edge (0-10, 10-20, 20-30, 30-40, and 40-50 m) . A feeder was placed randomly within each of these subplots for a total of five feeders per site. Feeders were 30 cm in diameter, 5 cm deep, and adjustable in height so they were visible above the crop canopy throughout the research season. Approximately 200 mealworms (Tenebrio molitor L.) were placed in three randomly selected feeders and were identified as active feeders. To be sure birds did not automatically associate feeders with a food source, the two remaining feeders contained no mealworms and were inactive. Feeders were moved to new randomly selected locations within each subplot and activity status was randomly re-assigned about every 13-14 days during 2005 and every 6-7 days in 2006 to simulate potential pest outbreaks in the crop field. Feeders were filled just before observations began the next morning and on subsequent mornings until they were moved to a new location.
At each site, 1.5-m tall perches were erected to accommodate foragers such as the Eastern Kingbird (Tyrannus tyrannus) that often capture insects in midair by flying from perches. Five perches were placed along each side of the plot at 10 m intervals for a total of ten perches per site. These perches would show distances from the edge where birds perch when options are available, and were expected to clarify where bird-friendly management practices (e.g., reduced pesticide use or specifically placed tall forbs or artificial perches) might be evaluated as management options. Perches remained in soybean fields throughout both research seasons. Perches in corn fields were removed the second week in July in both seasons because the crop canopy exceeded the height of the perches. Because feeders and perches were artificial additions to the crop fields, foraging patterns were compared with and without observations on the feeders and perches to detect potential effects they had on foraging patterns.
Avian surveys
Bird observations were conducted from sunrise to 4 h later (Robbins, 1981) . Sites were observed for 30-min periods with observations recorded in 15, 2-min intervals. The order site pairs were observed was randomized. The species of birds observed within the study plots were recorded, along with their arrival and departure direction and time, and foraging distance(s) into the crop field from 0 m at the field edge. Feeders and perches the birds visited while in the crop field were also recorded.
Each site was observed at least nine times between May 23 and July 2, 2005. Only soybean fields were observed between July 12 and August 10, 2005, because the crop height in corn fields reduced bird detectability. In 2006, all site pairs were observed 10-14 times between May 10 and July 20. Observation stands approximately 3 m high were used at sites with corn as the planted crop during the 2006 research season to maintain visual contact of the study plots.
In 2006, a 30-min, 300-m (270 m at one site) transect survey was conducted at the first site observed each day to determine species present at the sites and to compare with species observed in study plots. The transect line was along the woody edge and adjacent crop field and extended 100 m on either side of the 100 m × 50 m plot. Transect surveys at all sites were done at a traveling speed of 10 m/min. All bird species seen or heard within the woody edge or adjacent crop field during the survey were recorded.
Data analysis
Sorenson's similarity index was used to measure the similarity in species composition at woody riparian edges and shelterbelts using data collected during the transect surveys in 2006 (Sorensen, 1948) . Sorenson's similarity index, S, is calculated as:
where A is the number of species observed in woody riparian edges, B is the number of species observed in shelterbelts, and K was the number of species observed in both types of woody edge.
The number of 2-min intervals during which birds were observed on the ground, on perches, and at active and inactive feeders was recorded for each distance category (0-10, 10-20, 20-30, 30-40, and 40-50 m) . To obtain a measure of total use within each distance category, all 2-min intervals in which a bird was present were recorded. That is, if a bird entered a distance category and foraged there for more than one 2-min interval, the additional intervals were included as observations (observation by distance × total 2-min intervals present). To determine distances species chose to travel into a crop field, each new bird entry into a distance category was used as one observation at that distance, regardless of how long the bird remained there. These two approaches provide a relative measure of total use or time spent foraging at each distance category (using total 2-min intervals) and a measure of distance from the edge birds selected each time they entered a distance category (using each new bird entry).
Total-use observations (total intervals) were used to develop bar graphs to illustrate foraging patterns by species out from the field edge. Observations were separated by active feeder, inactive feeder, perch, and ground to differentiate avian use of artificial and natural components in the crop field. Because the number of observation periods for active feeders varied by distance category from 86 to 118, active feeder observations were unequal across distance categories. To account for this so that all five distance categories were represented equally, we present results as bird observations per 100 observation periods and use only sites where the species was observed during the season. We use the same approach for ground and perch data. The resulting bar graphs represent the number of birds observed per 100 observation periods, by species and distance, for ground, perch, active feeders, and inactive feeders, across sites where a species was observed. In considering results for the five distance categories, we would expect 20% of foraging observations in each category if all distances were used equally. Observations of birds foraging more than 20% in any distance category could indicate preference for that distance, whereas observations below 20% could indicate less use or avoidance. We evaluated these bar graph patterns, by species, using Chisquare goodness-of-fit tests to determine whether each species used all distance categories equally, and to compare expected use in the first two distance categories (within 20 m) to that in the farther categories (beyond 20 m).
Foraging distances of species with ≥30 observations (using observations of each new bird entry) were analyzed using a repeated measures analysis of variance, implemented in SAS PROC MIXED (SAS Institute Inc., [2000] [2001] [2002] [2003] [2004] , with the week of the breeding season as the repeated measure. All potential interactions between the type of woody edge (woody riparian edge or shelterbelt), crop type (corn or soybean), and week, were evaluated. Average foraging distances for observed species were calculated based on site, site pair, and crop. Foraging distances associated with type of woody edge and crop were evaluated for each species. Least square means were calculated for these factors to determine differences in travel distances based on type of crop or woody edge, using α = 0.05.
Results
Thirty bird species were observed foraging within the study plots, with four of these species observed only in 2005, 11 only in 2006, and 15 observed both years. During 2006, 46 species were observed in the transect surveys, with six observed only at shelterbelt sites, 13 only at riparian sites, and 27 at both. Sorenson's similarity index determined that woody riparian edges and shelterbelts were 74% similar in avian species composition.
Arrival and departure directions for birds foraging in the crop fields indicated that a majority of the birds traveled directly to and from the woody edge at all sites. At shelterbelt sites, 58% of the birds traveled from the woody edge into the crop field and 56% returned to the edge. Percentages were higher at riparian sites, with 82% coming from the edge and 71% returning to it.
Seventeen species had sufficient observations recorded in 2min intervals (16-274; Table 1 ) to evaluate their foraging patterns individually. Of these 17 species, seven foraged primarily within 20 m of the edge (χ 2 ≥ 8.79, d.f. = 1, P ≤ 0.003), with 72% of their foraging activity occurring within this area when feeder and perch observations were included, and 79% when not included (Table 1; Figure 2 ). Ten species foraged throughout the plots but six of these generally foraged more often within 20 m of the edge, a pattern that was significant for the Red-headed Woodpecker (bird scientific names, Table 1 ), American Robin, and Orchard Oriole (χ 2 ≥ 3.80, d.f. = 1, P ≤ 0.051) but not for Mourning Dove, Common Grackle, or Brown-headed Cowbird (χ 2 ≤ 1.84, d.f. = 1, P ≥ 0.175) (Table 1) . Overall, these six species had 45% of their foraging within 20 m with all observations included and 49% without perch and feeder observations; when combined with the first seven, 56% of foraging was within 20 m with perch and feeder observations included, and 61% without. Four of the 10 species that foraged throughout plots, generally foraged less than expected within 20 m of the edge, a pattern that was significant for the Eastern Kingbird, Red-winged Blackbird, and Baltimore Oriole (χ 2 ≥ 9.70, d.f. = 1, P ≤ 0.002) but not for the Blue Jay (χ 2 = 2.16, d.f. = 1, P = 0.142). These four species tended to forage farther out, with 30% of their foraging within 20 m regardless of perch and feeder use ( Table 1) . The Eastern Kingbird, Blue Jay, Baltimore Oriole, and Lark Sparrow, had the most foraging time in crop fields, each with ≥170 observations (Table 1) , followed by the Orchard Oriole, Red-headed Woodpecker, American Robin, and Red-winged Blackbird, each with >100 observations. Two species, the Red-headed Woodpecker and Common Grackle, did not differ in their use of the five distance categories (χ 2 ≤ 7.99, d.f. = 4, P ≥ 0.092) nor in use of the area within 20 m of the edge versus beyond (χ 2 ≤ 0.402, d.f. = 1, P ≥ 0.526) when perches and feeders were included. The woodpecker commonly used perches, and the grackle, active feeders. When feeders and perches were not included, however, foraging patterns shifted, and 61% of the Red-headed Woodpecker's foraging was within 20 m of the edge (χ 2 = 6.26, d.f. = 1, P = 0.012), as was 50% of the Common Grackle's, but the latter remained not significant (χ 2 = 1.84, d.f. = 1, P = 0.175) (Table 1; Figure 2 , ground use). Both of these species foraged on the ground, primarily within 20 m of the edge, but appeared to shift farther out when feeders and perches were available.
Distribution patterns of the Brown Thrasher, Lark Sparrow, American Robin, Orchard Oriole, Blue Jay, Eastern Kingbird, and Baltimore Oriole, differed among the five distance categories (χ 2 ≥ 14.1, d.f. = 4, P ≤ 0.007; perches and feeders included). The Brown Thrasher and Lark Sparrow typically foraged near the edge but, unlike the Lark Sparrow, the thrasher seldom went be-yond 10 m (Figure 2) . Similarly, other species that foraged primarily near the edge, Eastern Bluebird, Gray Catbird, Song Sparrow, Northern Cardinal, and American Goldfinch, showed similar patterns, with some tending to remain close to the edge and others occasionally foraging farther, particularly when observations at perches and feeders were included (Table 1 ). The Lark Sparrow and Orchard Oriole were often observed in the area 10-20 m from the edge, often on perches or feeders; and the Blue Jay and Baltimore Oriole in the 30-40 m area, primarily on feeders ( Figure  2) . The American Robin tended to forage most within 10 m of the edge but also foraged regularly throughout study plots, mostly on the ground. The Eastern Kingbird foraged primarily beyond 10 m from the woody edge, frequently using perches.
Differences of least square means indicated a tendency for some species to travel farther into soybean fields than into corn fields ( Table 2 ), but this difference was significant only for the American Robin (F = 4.81; d.f. = 1; P = 0.058), Brown-headed Cowbird (F = 1,208,693; d.f. = 1; P = 0.0006), and Orchard Oriole (F = 248.25; d.f. = 1; P = 0.040). These species traveled 12.8, 15.7, and 11.1 m farther into soybean fields than corn fields, respectively. While there was no significant effect of edge type on traveling distance, several species tended to travel somewhat farther into crop fields that had shelterbelts as a woody edge, and Eastern Kingbirds approached significance in this regard (F = 4.19; d.f. = 1; P = 0.069, Table 2 ).
Discussion
Birds that forage for insects in crop fields benefit from a needed food resource and in turn help suppress pest insect populations (Jones et al., 2005) . There are foraging constraints, however, including increased predation risk away from the edge and the energy costs of flight that must be balanced against food resources obtained for adults or young. These constraints may vary by species, habitat affinity, escape behavior, food availability, and other factors. In our study, all birds observed forag- ing in the crop fields were woodland species that used the field edge near the trees, and a majority foraged most often within the 20 m adjacent to the protective woody cover. Even species that foraged most commonly beyond 20 m still had 30% of their use within 20 m of the field edge. Bird-friendly management within this 20 m functional edge such as reduced pesticide use or planting a grassy or herbaceous buffer (Henningsen and Best, 2005) could benefit a variety of birds and, at the same time, increase their impact on pest insects.
Species response
Bird species showed a range of field-edge use from those that remained near the edge to species that foraged throughout the plots and some that appeared to forage more at certain distances. The Brown Thrasher and Gray Catbird, for instance, are inconspicuous species that prefer to remain hidden, especially when they are disturbed (Cimprich and Moore, 1995; Cavitt and Haas, 2000) . Other species, such as the Lark Sparrow, prefer to forage in low trees and shrubs as opposed to the open space in crop fields (Martin and Parrish, 2000) . The Baltimore Oriole, Blue Jay, Red-winged Blackbird, Brown-headed Cowbird, Mourning Dove, Eastern Kingbird, Common Grackle, and American Robin foraged throughout the study plots and these species also have been observed foraging in crop fields up to 200 m from woody edges Sunderman, 1995) .
The Eastern Kingbird commonly forages from perches for insects (Murphy, 1996) and, in our study, foraged primarily beyond 10 m from the woody edge, often from perches. Other species appeared to forage more often at 10-20 or 30-40 m from the edge. Such patterns may relate to species life history, food use versus availability at various distances, or other factors related to microclimate, wind, or turbulence (Brandle et al., 2004) .
The Eastern Kingbird, Blue Jay, and Baltimore Oriole were the most commonly observed species with the greatest amount of foraging time in crop fields in our study. Along with the Redheaded Woodpecker, also commonly observed, these species foraged throughout the study plots and were observed most using feeders or perches. Their opportunistic use of feeders and perches throughout the plots suggests that these species might similarly respond to other food opportunities such as pest insect outbreaks in crop fields. Other species that typically foraged throughout plots or near the edge, even those that were less abundant, likely also contribute to the service of crop pest suppression. Jones et al. (2005) , for example, included the Orchard Oriole, Brown Thrasher, and Eastern Bluebird in their list of functional insectivores in crop fields, adding credence to the concept that these species function to suppress crop insect pests.
Predators associated with edges may suppress crop pests by foraging within the crop field or, alternatively, by consuming pest insects blown to the edge by winds or attracted there for a life cycle need (Johnson et al., 1992) . Furthermore, the calm air on the leeward side of woody habitats appears well suited for bats or birds to attack flying insects. It is likely that the combination of insectivores that forage on crop insect pests contribute in various ways, perhaps synergistically, to pest insect suppression, although effectiveness may vary depending on the insectivore's abundance, foraging location, and other factors.
Pest suppression from edges
Birds attracted to an active feeder or perch may forage opportunistically on the ground, so ground observations are not independent of the total use that included feeders and perches. Species that tended to remain near the edge or that foraged more often there also tended to forage farther when perch and feeder observations were included, indicating willingness to forage farther when food resources were available. Thus, farm fields that have food resources available for insectivorous birds, such as fields with some weeds present (Christensen et al., 1996; Beecher et al., 2002) or fields with herbaceous buffers (Henningsen and Best, 2005) , are more likely to have birds foraging for insects, and potentially increased suppression of pest insect populations (e.g., Johnson et al., 1992; Kirk et al., 1996; Tremblay et al., 2001; Jones et al., 2005) .
Producers who retain areas of non-crop habitat may benefit from the ecosystem service of pest insect suppression by birds foraging as functional insectivores (Jones et al., 2005) on their land. When adequate habitat is available, avian predators can reduce the impact of potential outbreaks of pest insects, such as European corn borers (Ostrinia nubilalis Hbn.), cutworms (Agrotis spp.), and weevils (Sphenophorus spp.) (Tremblay et al., 2001) . This could reduce pest populations below the economic threshold that justifies pesticide application (Ehler, 2006) , saving producers both money and labor.
Management considerations
Many studies have promoted the conservation of edge habitats in agroecosystems for birds and other wildlife (e.g., Johnson and Beck, 1988; Best et al., 1990) , and some have argued for research on approaches that will best conserve wild nature while producing sufficient food (Green et al., 2005) . Sotherton (1991) determined that field edges where pesticide applications were avoided or minimized had increased abundance and species richness of game birds, butterflies, and beneficial insects. Pesticide use reduces insect numbers and thus reduces food availability for insectivorous birds and the number of birds that forage in a field. Avoiding pesticide use in the 20 m functional edge would result in more foraging resources and might reduce harmful pesticide effects to predators without increasing economic losses to crop production (Dix et al., 1995) . Crop yields within the functional edge are already low because of competition between crops and adjacent woody edges for water and nutrients (Brandle et al., 2004) . Thus, producers can be less concerned about the possibility of reducing yields when managing functional edges to support birds and other wildlife that may in turn provide an ecosystem service of pest suppression.
Although there is concern regarding potential bird damage to crops in some locations, less than 10 of the 215 neotropical migrant birds are known to cause significant damage (Rodenhouse et al., 1995) . Dolbeer (1990) estimated that crop field damage by Red-winged Blackbirds resulted in a loss of <1% of crops in North America, but damage to individual crop fields can be high where fields are located near large bird roosts during late summer and fall when blackbirds flock and roost together. Redwinged blackbirds and others, however, commonly perch or roost directly on corn (Johnson and Caslick, 1982) or sunflower (Besser et al., 1979) plants. Shelterbelts or tree rows appear to have a minimal relationship to likelihood or impact of bird damage to crops (Johnson and Beck, 1988) . Crop damage by foraging birds was not observed in this study.
Because woody habitats typically are linear with limited area, they usually are not sufficient for area-sensitive species, and the woody vegetation is avoided by grassland birds, many of which are in decline (Knopf, 1994; Grant et al., 2004; Brennan and Kuvlesky, 2005) . Grassland species may occur where grassy habitat is available, such as in grassy strip cover (Henningsen and Best, 2005) or, more likely, where government-supported Conservation Reserve Program grasslands with larger areas and more square or rectangular shapes occur (Johnson and Schwartz, 1993) . Linear woody habitats, however, support the highest avian species richness in agroecosystems Jones et al., 2005) and are often the primary non-crop habitat available in intensively farmed areas because they occur on non-tillable land or provide economic or other crop production benefits. Both woody and grassland habitats can contribute to bird conservation and pest insect suppression in agroecosystems but require planning in relation to overall goals, species of interest, habitat area, and landscape context (Henningsen and Best, 2005) .
Conclusion
The results of this study indicate that the first 20 m of crop field adjacent to woody habitat is the functional edge where ≥56% of foraging occurred for 13 of the common species observed and 30% of foraging for the remaining four. Seven of the 13 species foraged primarily within 20 m of the edge, with ≥72% of their observations in this area. Non-crop field edges and associated birds can be used to foster a symbiotic relationship between birds and crop production. Reducing pesticide use or oth-erwise managing to benefit birds within this 20 m functional edge offers potential to enhance sustainability of both birds and crops in agricultural landscapes.
